Love is a powerful emotion that has been a substantial driving force behind many aspects of culture and society from the beginning of humanity. In fact, the evolution of striatal neurochemistry promoting pair bonding in early hominids may have preceded the expansion of cerebral cortical complexity and the emergence of language 1 . Nonetheless, the richness and complexity of romantic bonds lead some to conclude that the nature of love will forever evade rigorous scientific understanding. However, if we consider that love is an emergent property of several complex cognitive processes, each of which has their evolutionary origins in more general neurobiological processes present in model organisms, then we can begin to understand some of the constituents of love using modern neurobiology 2 . Indeed, recent investigations into the neurobiology of pair bonding in monogamous species have provided remarkable insights into the biology of social behaviour. Here, we review recent neurobiological studies in monogamous voles, as well as studies in mice, on constituent neural processes of social bonding to propose a dynamic neural circuit-level model of the pair bond -the evolutionary antecedent of romantic love.
Love is a powerful emotion that has been a substantial driving force behind many aspects of culture and society from the beginning of humanity. In fact, the evolution of striatal neurochemistry promoting pair bonding in early hominids may have preceded the expansion of cerebral cortical complexity and the emergence of language 1 . Nonetheless, the richness and complexity of romantic bonds lead some to conclude that the nature of love will forever evade rigorous scientific understanding. However, if we consider that love is an emergent property of several complex cognitive processes, each of which has their evolutionary origins in more general neurobiological processes present in model organisms, then we can begin to understand some of the constituents of love using modern neurobiology 2 . Indeed, recent investigations into the neurobiology of pair bonding in monogamous species have provided remarkable insights into the biology of social behaviour. Here, we review recent neurobiological studies in monogamous voles, as well as studies in mice, on constituent neural processes of social bonding to propose a dynamic neural circuit-level model of the pair bond -the evolutionary antecedent of romantic love.
Pair bonding
Pair bonding is a term used in biology and behavioural sciences to describe a strong social relationship between individuals in a breeding pair in monogamous species. Social monogamy is a mating system that is characterized by partners sharing territory, biparental care and preferential mating but not sexual exclusivity. By contrast, partners from sexually monogamous species mate only with each other. Sexual monogamy is rare in nature, and although social monogamy is more common, the frequency of species displaying this mating system is remarkably diverse across vertebrate taxa. In fish, amphibians and reptiles, pair bonding is rarely observed, with a few exceptions, including shinglebacks (Tiliqua rugosa) 3 and the Caribbean cleaning goby (Elacatinus evelynae) 4 . In birds, however, up to 90% of all species display some form of monogamy 5 , and within some genera, such as those including geese, swans and eagles, lifelong pair bonds are common. A recent study comprising most known mammalian species showed that 9% of mammals are socially monogamous 6 . Human beings have a strong propensity to form pair bonds, and social monogamy has been observed in nearly all human societies. Cross-cultural data show that stable pair-bonded relationships have several positive health implications, including lower mortality 7 . Insecure attachment and conflict in romantic relationships are associated with depression 8 , lowered immune function 9 and poor cardiovascular health 10 .
Regarding the neurobiology of pair bonding, most of our knowledge today comes from studies in voles [11] [12] [13] [14] [15] . In the socially monogamous prairie vole (Microtus ochrogaster), males and females form long-lasting pair bonds, and both sexes take care of offspring 16 . In both male and female prairie voles, mating facilitates the development of the pair bond, which can be assessed in the laboratory using the partner preference test 17 . Pair-bonded animals prefer to spend time in close contact with their partner rather than with a novel stimulus animal. Partner-directed affiliative behaviour in prairie voles is regulated by neural mechanisms involving several identified brain regions and is thought to be the result of synaptic plasticity linking the neural encoding of sociosensory information from the partner with reward, thereby increasing the reinforcing value of the mate relative to other social stimuli 18 . This plasticity is governed by circuit activation in the context of several neuromodulators during social engagement. The neuropeptides 
Sociosensory information
Any form of sensory information (for example, olfactory, visual, tactile and auditory) perceived from a social source, typically a conspecific.
The neural mechanisms and circuitry of the pair bond oxytocin (OT) and arginine vasopressin (AVP) and the neurotransmitter dopamine (DA) have been shown to play critical roles in the circuitry regulating bonding in prairie voles 14 . Here, we first describe the evidence of their involvement in pair bond formation. We then propose a model of pair bonding based on a synthesis of the literature on these molecules, the circuits involved and the neural processes required for the development and subsequent maintenance of a pair bond.
Oxytocin. OT is a nine-amino-acid peptide that modulates several social behaviours, including parental nurturing 19 , individual discrimination 20 , empathy-related behaviours 21 and social bonding 14, 22 . OT is synthesized in the paraventricular nucleus (PVN) and supraoptic nucleus (SON) of the hypothalamus. Hypothalamic OT neurons project to the posterior pituitary, where OT is released into the periphery, and throughout the forebrain, targeting regions rich in OT receptors (OXTRs) [23] [24] [25] [26] . OT released into the periphery promotes uterine contractions during labour and milk ejections during lactation 23 . Centrally released OT is critical for the onset of maternal responsiveness and mother-infant bonding 19, 27 . These OT-dependent, evolutionary ancient maternal instincts are present in all mammals and may be the evolutionary origin of pair bonding 18 as well as empathy-related consoling behaviours beyond the context of parenting 21, 28 (Box 1).
Intracerebroventricular (ICV) infusion of OT facilitates partner preference formation after a brief cohabitation in the absence of mating in male and female prairie voles 17, 29 . Conversely, ICV infusion of an OXTR antagonist (OTA) prevents mating-induced partner preferences in prairie voles of both sexes 30, 31 . An early study in closely related vole species showed that prairie voles have higher densities of OXTR in the nucleus accumbens (NAc), medial prefrontal cortex (mPFC) and amygdala compared with the non-monogamous sister species montane (Microtus montanus) and meadow (Microtus pennsylvanicus) voles 32 , suggesting that these are neuroanatomical sites of OT action in pair-bonding behaviour (Fig. 1a) . Indeed, blocking OXTR in the NAc or mPFC (but not the adjacent caudate-putamen) prevents mating-induced partner preference formation 33 . Additionally, viral-vector-mediated RNAi knockdown of OXTR in the NAc inhibits partner preference formation in female prairie voles 34 , while increasing OXTR density in the NAc facilitates it 35 , providing direct evidence that NAc OXTR expression can substantially influence pair-bonding behaviour. The effect of OXTR in the amygdala on pair bonding has yet to be explored.
There is remarkable individual variability in the density of OXTR in the NAc and caudate-putamen among prairie voles, with very little variation in other brain regions 36 (Fig. 1a) . Variation in OXTR in the NAc in prairie voles is associated with social phenotypes including alloparental behaviour 37 and individual differences in male monogamy-related behaviour in naturalistic settings 38 . Furthermore, variation in NAc OXTR density confers resilience or susceptibility to the effect of daily neonatal social isolation on the ability to form partner preferences later in life 39 (Box 2; Fig. 1b) . The density of OXTR in the NAc is under strong genetic control. A set of single nucleotide polymorphisms (SNPs) in the prairie vole OXTR gene (Oxtr) explains more than three-quarters of the variation in OXTR density in the NAc, is strongly associated with OXTR mRNA levels in this region and enables prediction of pair-bonding behaviour in males 36 . These results suggest that small changes in the DNA sequence have robust effects on brain phenotype and behaviour simply by changing the expression pattern of receptors that respond to neuromodulators.
Vasopressin. AVP is a neuropeptide with a structure similar to that of OT that has been shown to be of importance for social recognition, territorial scent marking and aggressive behaviour 40 . In male prairie voles, pair-bonding behaviour is facilitated by brain 
Box 1 |

Consoling behaviour in prairie voles
Consolation is a comforting behavioural response directed towards a distressed party. In humans, consolation is common and considered an external manifestation of empathy. In addition to humans, consolation has been observed in several different species, including great apes, elephants and wolves. until recently, empathy-related traits were thought to require advanced cognition and therefore had not been studied extensively in rodents, with a few exceptions 28 . A recent study showed that prairie voles display consoling behaviour, indicated by increased licking and grooming, towards stressed conspecifics (see the figure, left panel) 21 . This effect was specific for familiar individuals, as no consoling of stressed strangers was observed. These novel findings suggest that consoling is evolutionarily ancient and does not require higher cognitive function. Consoling behaviour is also related to social structure, as non-monogamous meadow voles did not display this trait. The empathic capacity of prairie voles seems to go beyond consoling, as it was observed that individuals match the fear response and anxiety-related outcomes, including corticosterone increase, of their stressed cagemates.
by adopting an immediate early gene approach, it was further shown that the anterior cingulate cortex (ACC), a brain region implicated in human empathy, was differentially activated when individuals interacted with stressed cagemates compared with unstressed cagemates 21 . Interestingly, in prairie voles, the ACC abundantly expresses oxytocin receptors (oXTrs), and it was further shown that infusion of an oXTr antagonist (oTA) in this region blocks the consoling behaviour. The fact that consoling seems to be regulated by the oxytocin (oT) system points to the intriguing possibility that this behaviour, similarly to our evolutionary model of how the brain oT system came to facilitate pair bonding, represents a neurobiological redirection of maternal instincts towards adults. 
Alloparental behaviour
Parental nurturing behaviour (for example, retrieving, licking and grooming) exhibited towards a non-descendent infant or juvenile.
AVP and prevented by central injections of an AVP 1a receptor (AVPR1A) antagonist 41, 42 . As with OXTR, the neuroanatomical distribution of AVPR1A differs considerably among vole species with different mating strategies. For example, prairie voles display relatively high AVPR1A density in the ventral pallidum (VP), the major output of the NAc and reward centre, compared with montane and meadow voles 41 . Blocking AVPR1A in the VP 43 or reducing the expression of AVPR1A in this region using viral-vector-mediated RNAi knockdown 44 inhibits partner preference formation in male prairie voles. Remarkably, increasing the density of AVPR1A in the VP of meadow voles via viral-vector-mediated gene transfer makes these voles more social and display prairie vole-like pair-bonding behaviour 45 . AVPR1A signalling in the lateral septum (LS) is also essential for pair bonding 46 , possibly facilitating processes related to social recognition 47, 48 . An intrinsic AVP system in the olfactory bulb also facilitates social recognition by modulating information processing by olfactory bulb neurons, but its contribution to pair bonding has not been investigated 49 . Pair-bonded male prairie voles display mate-guarding behaviour manifested as selective aggression towards male and female conspecifics, reminiscent of territorial behaviour displayed by many mammals. AVP is essential for mate guarding, and this behaviour is regulated in part by AVPR1A signalling in the anterior hypothalamus 50 . In fact, blocking AVPR1A signalling in the brain of male prairie voles disrupts both pair bonding and mate guarding 41, 51, 52 . The role of AVP in both selective aggression and pair bonding suggests that, similar to how OT-dependent aspects of pair bonding appear to have evolved via tweaking of the maternal nurturing circuits, the AVP-dependent properties of male pair-bonding behaviour are derived from the integration of ancient neural mechanisms governing territorial behaviour, social recognition and reward 53 . Indeed, in both cases, these behaviours emerged through evolutionary changes in neuropeptide receptor distribution in the brain.
Studies in voles have also provided intriguing insights into the genetic regulation of the AVP system. While the coding region of the gene encoding AVPR1A (Avpr1a) is 99% homologous between prairie and meadow voles 54 , there is an ~500-base-pair-long repeat sequence (microsatellite) in the prairie vole promoter region that is absent in meadow voles. Variation in this microsatellite is associated with AVPR1A density in the LS and the probability of forming a partner preference in male prairie voles 55 . In addition to microsatellite variation, SNPs in the prairie vole Avpr1a strongly predict AVPR1A density in the retrosplenial cortex, a brain region implicated in spatial navigation, and are associated with sexual fidelity in male prairie voles studied under naturalistic conditions 56 . For a detailed description of how the AVP system is involved in monogamous behaviour in the wild and particularly how memory circuits and spatial ability relate to social behaviour and mating tactics, see a recent review by Alexander Ophir 57 . Dopamine. DA plays a critical role in reward, reinforcement learning and addition. Acting in the NAc, DA facilitates the association of sensory stimuli with reward, for example, during sex, and motivates behaviour on the basis of the reinforcement 53 . Mesolimbic DA plays a major role in pair-bonding behaviour and interacts with the OT and AVP systems to facilitate partner preference formation. Mating results in DA release in the NAc in male and female prairie voles, and partner preference is prevented by infusion of a nonspecific DA nATure revIewS | NeuROSCIeNCe antagonist into this region 14 . Activation of DA receptors in NAc facilitates partner preference formation in the absence of mating. Despite these nonspecific effects, the two DA receptor subtypes have opposing roles in regulating pair bonding. Activation of DA D2-type receptors (D2R) in the NAc stimulates, while activating DA D1-type receptors (D1R) prevents, pair bond formation in prairie voles 58 . Accumbal DA signalling not only is important for partner preference formation but also plays a role in pair bond maintenance 58 . Sexually naive male prairie voles show low levels of aggression towards strangers. After 2 weeks of cohabitation with a female, however, intense selective aggression towards both male and female novel conspecifics develops. This behavioural change is thought to represent a mechanism for maintaining an established bond by rejecting new potential partners and preventing cuckoldry via mate guarding. Interestingly, this change in behaviour is regulated by changes in DA receptor density in the striatum. Males experiencing 2 weeks of cohabitation with a partner have a 60% increased expression of D1R in the NAc compared with control animals cohabitating with a same-sex sibling, while D2R expression remains unchanged 58 . Furthermore, blocking D1R in the NAc prevents the selective aggression displayed by cohabitated males. The D1R-mediated increase in selective aggression in both males and females is regulated by the κ-opioid receptor in the NAc 59, 60 . Interestingly, the μ-opioid system in the striatum also plays a role in pair bond formation 61, 62 , drawing interesting molecular parallels between pair bonding and addiction 63 . The shift in the D1R and D2R balance in favour of D1R during pair bonding is remarkably similar to DA receptor plasticity in drug addiction 63 . All known drugs of abuse cause DA release in the NAc 64 , and chronic exposure to cocaine, for example, results in simultaneous increased D1R and decreased D2R signalling in this region 63, 65 . These data suggest that the mechanism underlying the intense selective interest in a mating partner in socially monogamous animals overlaps functionally with comparable monomania in drug addiction. In further support of this theory, daily administration of amphetamine to sexually naive male prairie voles results in an upregulation of D1R and prevents these animals from forming pair bonds, similarly to how pair-bonded males reject novel females 66 . This effect is reversed by blocking D1R in the NAc 66 . Conversely, the increased expression of D1R during pair bond formation decreases the rewarding effects of amphetamines 67 . While pair bonding and addiction involve similar neural mechanisms, there are also important differences 68, 69 . The consequences of drug addiction are almost exclusively negative, while romantic bonds can have a profoundly positive impact on quality of life.
Other systems. While the roles of OT, AVP and DA in pair bonding have been the most extensively investigated, other neurochemical systems likely play a role as well. For example, serotonin interacts with the OT system to mediate social reward 70 and thus likely plays a role in pair bonding. Indeed, a serotonin 1A receptor antagonist reduced affiliative behaviour in pair-bonded monogamous titi monkeys 71 . μ-opioid signalling in the striatum is necessary for the development of pair bonds 61, 62 . In voles, κ-opioid receptors in the NAc mediate pair bond maintenance 59 , and the opioid and DA systems interact in this region to maintain bonds 60 . The stress axis can also influence pair bonding. Infusion of corticotropin-releasing factor (CRF) into the NAc facilitates partner preference formation in male prairie voles 72 . Corticosterone has sexually dimorphic effects on pair bonding in prairie voles; decreasing circulating corticosterone facilitates partner preference formation in females 73 , while increasing corticosterone facilitates pair bonding in males 74 .
A neural circuit model of pair bonding While the roles of OT, AVP, DA and the NAc in regulating pair-bonding behaviour have been well documented, the precise neural mechanisms leading to selective affiliation between partners have yet to be determined. Figure 2 shows a hypothetical neural model of pair bond formation in prairie voles, focusing on selective processes that we hope will guide future research. This model synthesizes direct experimental evidence from voles and results from studies in mice describing the neural mechanisms underlying behavioural processes presumed to be essential for pair bonding. Our model is primarily focused on dynamic neural processes involving OT because of recent advances in mechanistic research implicating this peptide.
Social interaction (and, more robustly, mating) stimulates DA release in terminal fields of ventral tegmental area (VTA) neurons in the NAc 14 as well as OT input from the PVN to multiple nodes of . This theory has become popular and is currently supported by empirical studies in humans showing associations between low parental investment and subsequent accelerated reproductive development [127] [128] [129] and between childhood family climate and pair-bonding-related outcomes 130 . Intriguingly, animal studies show a similar picture and suggest that the association between early-life experiences and adult pair-bonding behaviour involves neuropeptide circuitry underlying social behaviour, including the oxytocin (oT) system. In rats and voles, early-life maternal separation results in social deficits in adulthood, an effect that can be alleviated by supplemental tactile stimulation. Touch is associated with both central and peripheral oT release in rats, and licking and grooming as well as injections of oT in rat pups result in increased maternal behaviour in adulthood 19, 39 . Furthermore, manipulating oT receptor (oXTr) expression in the nucleus accumbens (nAc) at weaning affects adult alloparental and pair-bonding behaviour in prairie voles 35 . nAc oXTr expression in female prairie voles is also associated with resiliency to neonatal isolation (Fig. 1b) . Accumbal oXTr density shows remarkable individual variation in prairie voles, largely explained by sequence variation in the Oxtr gene 36 , and appears to be robust against environmental influences. However, the effect of neonatal isolation on adult pair-bonding behaviour interacts with the variation in Oxtr, as females with high oXTr density in the nAc are resilient to this early-life challenge 39 , representing a case of gene-by-environment interaction and suggesting a developmental role of oXTr signalling in the nAc in adult social behaviour. These results are consistent with several studies in humans demonstrating that variation in the OXTR gene interacts with early-life adversity to influence psychiatric outcomes [131] [132] [133] . nATure revIewS | NeuROSCIeNCe 75 proposed to be involved in partner preference formation in prairie voles, including the anterior olfactory nucleus (AON), amygdala, hippocampus, mPFC and NAc. The mechanisms of pair bond formation are hypothesized to include two different plasticity processes: the formation of a distinct neural representation of the partner, allowing for partner recognition, and a persistent attraction to the partner that continues after mating, leading to a partner preference. In the sections below, we discuss several processes that enable these plasticity processes to occur and culminate in a selective pair bond with a partner.
Sensory information processing. Fine-tuned extraction of high-resolution sensory information from conspecifics during social interactions is essential to social recognition 76 and is an important component of pair-bonding behaviour. The brain of the individual forming the bond must perceive the mate not only as an opposite sex conspecific but also as a unique individual. Olfaction is the primary sensory modality engaged by rodents during social contact, and odours are used for individual discrimination. OT plays a role in the early steps of olfactory information refinement. The processing of olfactory signals to facilitate social recognition in rodents is dependent on the main olfactory bulb (MOB) 77 . Initial processing of odour cues from the olfactory sensory neurons takes place in the MOB by projection neurons (mitral and tufted cells) modulated by interneuron networks made up primarily of granule cells 78 , which receive dense glutamatergic input from the AON 79 . The AON expresses high levels of OXTRs in rodents [80] [81] [82] and receives projections from OT neurons in the PVN 25 , and blocking OXTR in the AON impairs social recognition in mice 78 . Interestingly, OXTR expression in the AON of female prairie voles is regulated by oestradiol, and virgin females exposed to male chemosignals show increased oestradiol and OXTR in the AON 82 , perhaps priming them for bonding. OT acting in the AON facilitates top-down recruitment of interneurons within the MOB to increase the overall inhibitory tone, improving odorant coding and facilitating social recognition by improving the signal-to-noise ratio 78 ( Fig. 3a) . Information transmission by neurons is often a noisy stochastic process in which true signals can be masked by baseline firing rates, similar to how high levels of static generated by a radio can obscure auditory information from an incoming signal. Comparable to how adjusting a radio receiver to closely match the carrier frequency will enhance the signal over that of a static relationship, OT improves the fidelity of olfactory signals processed in the MOB by lowering the baseline 
Odorant coding
The transduction of odours into distinct neural signals in the olfactory bulb and downstream pathways, which enables an organism to distinguish complex odours and associate an odour or its source with reinforcers. OT released from terminals of neurons in the paraventricular nucleus (PVN) increases the excitatory drive of excitatory neurons (indicated by the plus sign) in the cortical anterior olfactory nucleus (AON), which activates inhibitory granule cells (indicated by the minus sign) in the OB, thereby reducing noise produced by the mitral projection neurons. The trace below illustrates the increase in the signal-to-noise ratio in mitral cells, which then project to higher-order sensory processing centres, such as the amygdala. b | Social engrams (populations of neurons that respond collectively to an individual) have been identified in the hippocampus and project to the nucleus accumbens (NAc). The schematic illustrates social engrams in the male brain (right), with circles representing neurons within a brain region and black circles specifically representing neurons activated by different social encounters. Note the high similarity in activity patterns during mating with the partner (top) and later social encounter with the partner (centre) but the different pattern seen during exposure to a novel female (bottom). c | Heat maps showing correlated activity between brain regions in the social neural network (red is more correlated). The left panel shows little coordinated activity in a male's brain when placed alone in a home cage (unexposed). Mating (under control conditions with infusion of artificial cerebrospinal fluid (aCSF)) results in robust coordinated activity across the network (middle heat map), but this coordinated activity is diminished when OT antagonists are infused into the brain. d | Schematic illustrating how theta oscillatory activity from the medial prefrontal cortex (PFC) (blue line) entrains gamma oscillations within the NAc (red line), particularly during mating. We propose that the rhythmically controlled peaks in the accumbens gamma amplitude are moments of maximal sensitivity to neural input. If the PFC similarly controls oscillations of areas conveying social information, such as engrams (sender), the signal can be coordinated to reach the NAc at a peak of sensitivity , leading to synaptic plasticity. BL A , basolateral amygdala; MeA , medial amygdala. Part a adapted with permission from reF. OT not only is implicated in olfactory transduction but also plays a role in other sensory systems, suggesting that OT has a general function in the processing of sociosensory information. For example, OT can act in the mouse auditory cortex to promote maternal behaviour by improving the cortical response to infant distress calls 83 . This effect is driven by a synaptic mechanism characterized by balancing the magnitude and timing of inhibition and excitation to improve neuronal transmission.
Salience and social recognition. Olfactory and other sociosensory information representing the identity of the partner is relayed to the amygdala. The amygdala is a collection of parallel circuits processing and responding to multiple aspects of salient stimuli 84 and encoding valence 85 . In rodents, the medial amygdala (MeA) receives direct input from the vomeronasal system via the accessory olfactory bulb 86 and both direct and indirect input from the MOB 87 . Therefore, the MeA is anatomically positioned to facilitate the integration of sensory information from a mating partner with emotional salience and convey important cues to the other parts of the brain either directly or via glutamatergic projections to the basolateral amygdala (BLA), which encodes the valence of stimuli 18, 85 . The MeA shows strong OXTR expression and receives OT innervation from the PVN 26, 88 . OT-deficient mice display deficits in social recognition, despite retaining fully functioning odorant discrimination of non-social cues 20 . This selective social recognition deficit can be rescued by site-specific infusion of OT into the MeA 88 . In both male and female prairie voles, cohabitation and social interaction with a mating partner activate the MeA, as indicated by elevated FOS expression compared with that of control animals 89, 90 . Lesions of the MeA in male prairie voles disrupt social recognition of a mating partner, as well as the expression of affiliative behaviours 91 . Long-term social recognition is mediated by OT-dependent synaptic plasticity in the MeA 92 , in line with a growing amount of data showing that OT regulates plasticity mechanisms in several different brain regions [93] [94] [95] . Considering that salient sensory information received and processed by the MeA (and other parts of the amygdala) is later transmitted to mesocorticolimbic targets regulating selective social attachments, it is possible that OT, acting on OXTR, facilitates partner-specific memory during pair bond formation by strengthening synapses in the amygdala to allow sociosensory information from the mating partner to be more strongly relayed to the NAc, VP 18 and hippocampus 85 .
The hippocampus and social memory. Although the amygdala has been implicated in OT-dependent social memory, the hippocampus has long been recognized as the primary site of memory processing. The hippocampus receives sensory information from the olfactory systems via the MeA, BLA and LS 85, 86 and shares reciprocal connections with the mPFC 96 . Interestingly, in both rodents and non-human primates, multiple subregions of the hippocampus express OXTR 97 , and OXTR signalling in the hippocampus enhances social discrimination in mice 98, 99 . Hippocampal synaptic plasticity mechanisms relevant for social memory storage are strongly regulated by the activation of OXTRs. The fidelity of social information transmission signals in the hippocampus is improved by OT, which increases the firing rate of fast-spiking interneurons 100 . This modulation acts to suppress the background firing rate of CA1 pyramidal neurons and ultimately increases the signal-to-noise ratio, similar to the above-described role of OT in olfactory processing. In mice, social recognition is dependent on CA1 pyramidal cells of the ventral hippo campus, and inhibition of these cells disrupts social discrimination performance 101 . Ventral CA1 pyramidal neurons activated during social exposure to a specific mouse are preferentially reactivated by re-exposure to that same mouse compared with novel stimuli 102 . Ventral CA1 cells show strong projections to multiple nodes of our model, including the BLA and NAc, and projections to the NAc are essential for social discrimination in mice 101 . These data suggest that social engrams, a collection of cells whose combined activation encodes the memory trace of the sensory stimuli of the partner (Fig. 3b) , exist in the hippocampus and possibly amygdala and project to the NAc. We propose that the essence of the pair bond is synaptic plasticity, which strengthens neural communication between partner-specific social engrams and the NAc; hence, the partner cues become inherently rewarding outside of a sexual context. This plasticity is facilitated by OT, AVP and DA.
Oxytocin and dopamine in the striatum. How do OT and DA interact to make salient sensory information, such as a partner engram, rewarding and facilitate a persistent pair bond lasting beyond the immediately rewarding properties of sex? Mating stimulates VTA neurons to release DA in the NAc and mPFC. Sex also results in the PVN releasing OT into the NAc 26 . OT from the PVN released into the VTA increases DA release in the NAc and gates social reward 103 . The NAc is a critical site for the integration of saliency from the amygdala, context and social identity from the hippocampus, and goal-directed information from the mPFC to ultimately guide behavioural output via disinhibition of the VP 104 . While sex robustly engages the OT and DA systems, positive social interactions, for example, grooming or social touch, may stimulate OT and DA systems as well because partner preferences can form after prolonged social interactions without mating 105 . Studies show that the interaction between DA and OT in the NAc is essential for pair-bonding behaviour in both male and female prairie voles. Pharmacologically blocking either OXTRs or D2Rs in the NAc shell prevents mating-induced pair bond formation 106 . Furthermore, microinjections of either OT or DA into the NAc shell facilitate pair bond formation, but the effect of OT is blocked by a D2R antagonist, and conversely, the influence of DA is dependent on intact OXTR signalling 106 . Thus, pair bond formation requires simultaneous and coordinated activation of both OXTRs and D2Rs in the NAc shell, and recent research suggests that OXTRs form heterodimers with D2Rs on medium spiny neurons (MSNs), causing an increase in affinity of DA to D2Rs when OT is concurrently bound to an OXTR 107 . DA action on D2Rs depresses NAc GABAergic MSNs 108 , which in turn is proposed to result in disinhibition of the VP, allowing excitatory input elicited by mating partner stimuli from the BLA, as well as AVP input proposed to originate from the MeA 43 , to activate the VP 18 . However, whether there exists a strengthened engram of the partner in the NAc or whether OT and DA interact to strengthen synapses from partner engrams in other regions, such as the BLA or hippocampus, remains to be determined. Whether OXTRs are expressed in D1R−, D2R− or both neuron types within the NAc is also unknown.
Although human OT studies should be interpreted with some caution 109 , evidence suggests that in pair-bonded humans, OT enhances the neural response of the NAc specifically to partner cues. In a functional MRI study, men in monogamous relationships were shown photographs of either their partner or other equally attractive women after being given intranasal OT or a placebo and then asked to rate the attractiveness of the women in the photographs. Men rated their wife as more attractive after receiving OT than when receiving the placebo. OT did not change their rating of the other women. In addition, OT substantially increased the NAc blood-oxygen-level-dependent (BOLD) signal in the men when they viewed the image of their partner but not other women 110 . Interestingly, OXTR mRNA is expressed in the human NAc 111 , which is not the case for non-monogamous rhesus macaques 97 , and OXTR mRNA and OT fibres are present in the human cortex 112 .
Oxytocin and the flow of social information. OT seems to be involved in all nodes included in our hypothetical neural model of pair bonding (Fig. 2) . Although the exact function of OT differs depending on the brain region and the specific neural processes involved, we argue that OT plays a general role in facilitating the flow of high-integrity social information across multiple forebrain regions, regardless of whether this is achieved by increasing the signal-to-noise ratio, altering the excitatory-to-inhibitory balance or other processes. Thus, OT can be considered the 'grease' of the social brain. In line with this idea, we recently showed that blocking OT signalling in the brain not only prevents partner preference formation but also has a strong influence on brain network coordination during mating in male prairie voles 31 . Mating results in a strong and relatively uniform increase in correlated FOS expression across the pair-bonding model network in vehicle control males, a pattern that is strongly disrupted in OTA-injected males 31 (Fig. 3c) .
Dynamic medial prefrontal cortex modulation of the nucleus accumbens. We recently showed that pair bond formation in female prairie voles is associated with changes in local field potential functional connectivity and cross-frequency coupling between the mPFC, which is involved in executive function, and the NAc 113 . Mating specifically altered both the temporally local and sustained post-mating mPFC-to-NAc circuit activation in a way that predicted subsequent huddling behaviour. That is, animals whose mPFC theta (4-6 Hz) oscillation most strongly modulated the amplitude of NAc gamma (80 Hz) oscillations had a shorter latency to begin huddling with the partner (Fig. 3d) . Furthermore, optogenetically mimicking mating-induced neural activity by stimulating the theta-frequency activity of mPFC terminals in the NAc when a female is in close proximity to a caged male accelerates partner preference formation 113 . This mating-enhanced rhythmic action of mPFC on NAc may engage oscillatory-based plasticity mechanisms, allowing the NAc to respond more strongly to neural representations of partner cues (engrams) from the BLA or hippocampus during mating and upon future encounters. Furthermore, it is possible that the mPFC drives synchronized oscillatory activity across the mPFC-NAc-BLA circuit to improve plasticity mechanisms strengthening the neural link between social recognition and reward. Such orchestration of rhythmic oscillation in the BLA and NAc by the mPFC could result in temporal synchrony of the sender signal and receiver sensitivity, thereby maximizing communication and subsequent synaptic plasticity. We hypothesize that the individual variation in the strength of the mPFC modulation of NAc gamma oscillations (and, consequently, individuals' inclination to start engaging in affiliative behaviour) is at least partly explained by variability in NAc OXTRs, which is, as noted above, under strong genetic control 36 (Fig. 1) . In support of this hypothesis, we have shown that site-specific blocking of OXTRs in the NAc disrupts coordinated activity between the NAc and mPFC as well as other regions, including the BLA 75 .
Ventral pallidum. As noted above, D2R activation in the NAc shell results in disinhibition of the VP. The VP acts as a relay nucleus from the NAc and modulates motor output in response to rewarding stimuli through projections to the thalamus and motor nuclei 114 ; in the context of pair bonding, this modulation ultimately results in the expression of affiliative behaviour towards a mating partner. The disinhibited VP can in turn be strongly activated by partner-stimuli-induced input from the amygdala or other areas; these synapses may be strengthened as a result of sociosexual stimulation of OT, AVP and DA released during pair bond formation. Once this formation is completed, stimulus characteristics of the partner can then continuously activate the VP over long periods of time, creating an enduring pair bond 18 . However, the nature of the output of the VP that transforms behaviour such that the bonded animals increase proximity to their corresponding partner remains a mystery.
Oxytocin and pair bond maintenance
The notion that pair bond formation is a consequence of partner cues becoming inherently rewarding is appealing, but anyone who has been in a long-term relationship realizes that the rewarding properties of a pair bond fluctuate over time and that the motivating force behind maintaining a bond is not always positive. There is evidence that an interaction between the CRF system and nATure revIewS | NeuROSCIeNCe OT may play a role in maintaining the bond through negative reinforcement (Fig. 4) . Male and female prairie voles that have pair-bonded with a partner and then separated from their partner display increased passive coping behaviour in behavioural tests used to assess depressive-like behaviour, reminiscent of grieving or bereavement [115] [116] [117] . Individuals who have been separated from their pair-bonded partner display increased immobility in the forced swim test (FST) and tail suspension test, increased adrenal gland mass and activation of the stress axis. Males separated from their sibling do not show this social-loss-induced depressive behaviour or stress activation. Separation from a pair-bonded partner also results in heightened sensitivity to painful stimuli 118 . CRF mRNA expression is increased during pair bonding, and the CRF system has been strongly implicated in depression. Furthermore, both type 1 (CRFR1) and type 2 (CRFR2) CRF receptors are involved in the response of male prairie voles to the loss of a bonded partner because blocking either receptor reduces immobility in the FST 115 . Site-specific infusion of a CRFR2 antagonist into the NAc rescued the effect of partner loss, while a CRFR2 agonist in the same region in non-separated males increased depressive-like behaviour in the FST (Fig. 4b) . Furthermore, the OT and CRF systems are linked, as indicated by high colocalization of CRFR2s on OT neurons in the hypothalamus 119 as well as on OT fibres projecting to the NAc 120 , and CRFR2 activation in the NAc suppresses OT release, whereas blocking CRFR2 stimulates OT release 120 . Interestingly, OT infusion into the NAc eliminates partner loss adversity, and blocking OXTR in this brain region mimics the effect of partner loss 120 (Fig. 4c) . Consistent with these findings, site-specific knockdown of OXTR in the NAc using RNAi resulted in increased immobility in the FST in non-separated animals 120 .
Collectively, these studies suggest that mating and pair bonding prime the CRF system by increasing CRF synthesis, similar to loading a gun. Separation from the partner pulls the trigger and stimulates CRFR2 activation in the NAc, which suppresses OT release. At the same time, OT synthesis in the PVN and OXTRs in the NAc is reduced (Fig. 4a) , culminating in multiple hits on the OT system, which ultimately leads to a negative affect 120 . We propose that this CRFR2-mediated social-loss-induced withdrawal of OT in the NAc leads to an aversive experience that ultimately motivates a wandering individual to reunite with its partner, maintaining the bond using mechanisms similar to those that drive a drug addict to use drugs of abuse 63 . Thus, building and maintaining a pair bond both involve complementary positive and negative reinforcement acting in a complementary 'yin and yang' manner 116, 121 .
Conclusions
We propose that pair bond formation is essentially the result of neural plasticity that links the neural encoding of partner cues with the brain's reward system such that a partner becomes persistently and inherently reinforced, leading to selective affiliative behaviour. In developing this model, we draw on studies directly related to partner preference formation in prairie voles as well as novel studies in mice related to social information processing, social engrams and reinforcement learning. We propose that positive reinforcement facilitates the formation of a pair bond, while negative reinforcement plays a role in maintaining the bond. Our model should not be taken as fact but rather as inspiration to rigorously test our ideas and build upon them. This is an unprecedented time in neuroscience in which we can now monitor the activity of ensembles of neurons using calcium indicators and optogenetically or chemogenetically manipulate specific neuronal populations on the basis of their neurochemical phenotype of prior activity. Genome-editing techniques such as CRISPR-Cas9 enable performing targeted genetic manipulations in non-traditional species, including voles. These tools should allow us to understand how a partner is uniquely represented in the brain through social engrams and their projections. We will learn more precisely how communication between social engrams and reward regions changes through plasticity mechanisms during pair bond formation. We can monitor, in high temporal resolution, the coherence and cross-frequency coupling between nodes of a social salience network that may affect synaptic plasticity. Along the way, we will gain insights into other social processes with implications for empathy and intra-species bonding 22 and even perhaps improve treatments for autism [122] [123] [124] [125] . We will also gain better understanding of the genetic and neural bases of individual variation in behaviour.
We propose that pair bonding is the evolutionary antecedent of romantic love and that the pair bond is an essential element of romantic love. The pair bond is the innate, subconscious motivating force forging a strong attraction between partners. Romantic love is the emergent property of the integration of the pair bond mechanisms described here, the ability to translate multimodal sensory information from our partner into the mental language of romance, the ability to reflect on past interactions with our partner and the ability to contemplate our future life journey together, abilities that are enabled by the cortical complexity that is unique to humans. While we may remain far from a satisfying neural explanation for the mysteries of romantic relationships, there are strong conceptual and neurobiological foundations for bringing to bear the powerful circuit-level neurobiological approaches necessary to move the field closer to understanding why we love. www.nature.com/nrn
